Tests of overall and regional lung function using xenon-133 with fixed counters were carried out on 49 patients who were judged on specified radiological grounds to have emphysema: 31 of them also had clinical evidence of chronic bronchitis. The radiological extent of the disease was classified as generalized, extensive localized or localized. The results of the tests were compared with the radiographic extent of the disease and with the local radiographic appearances. Derangements of total lung function agreed well with the radiological extent of the disease; in particular, the average level of Paco2 was lower than that predicted from the F.E.V.1 when generalized and extensive localized emphysema were present. Co-existing chronic bronchitis was associated with higher levels of Paco2. The resting Pao2 was higher if one or both lower regions were normally ventilated despite unevenness of ventilation elsewhere, emphasizing the importance of the lower lung regions in determining the overall V/Q of the lungs. Regional derangements of ventilation coincided fairly well with the radiographic distribution of vascular narrowing or loss but the blood flow was found to be diminished in less than 5% of upper and middle regions with radiological changes. Ventilation was impaired in parts of the lungs where the vascular shadows were apparently normal. This finding was attributed to the effects of chronic bronchitis, because it was also found in seven patients with this disease who did not have radiographic evidence of emphysema; in these, impairment of ventilation in the middle and lower regions was a salient feature.
At the Ciba Symposium held in 1959, the contributors agreed that pulmonary emphysema should be defined in terms of its morbid anatomy and that the diagnosis should not be made during life unless there was good reason to believe that these changes were actually present. Since then the morbid anatomical studies carried out by Reid and Simon (1959) , Laws and Heard (1962) , and Reid and Millard (1964) have shown that, when emphysema is sufficiently severe and widespread, it can be detected during li.fe from radiographs of the lungs. In particular, Reid and Millard found that when the radiological criteria proposed by Simon (1964) were fulfilled, more than half the area of a sagi.ttal slice of the lung cut through the hilum was occupied by emphysematous changes of the panacinar type (graded 3 and 4 in severity in their classification). When vessel narrowing and vessel loss in the radiograph were present in only a particular region, morbid anatomical changes of panacinar emphysema grade 3 and 4 were found in the corresponding part of the lung.
In this paper we report measurements of regional and total lung function in patients who present some or all of the radiological appearances of emphysema (as defined by Simon (1964) and expanded in the appendix), in order to study the relationships between radiological appearances, regional and total lung function, and presumed panacinar emphysema.
The recent painstaking studies on patients with chronic airways obstruction (Fletcher, HughJones, McNicol, and Pride, 1963; Nash, Briscoe, and Cournand, 1965; Thurlbeck, Fraser, and Bates, 1965; Burrows, Fletcher, Heard, Jones, and Wootliff, 1966) have been concerned with relating the symptoms, signs, radiological appearance, and function of the lungs in different groups of patients with airways obstruction during life to the frequency and extent of pulmonary emphysema found at necropsy. In none of these papers was there any attempt to relate the observed distribution of radiological change to the topographical changes seen on the radiograph by using tests of regional lung function.
By careful measurement and use of elaborate radiographic methods, several authors have found a fairly close linear correlation between 'radio-logical chest volume' and total lung capacity (Hurtado and Fray, 1933; Aslett, Hart, and McMichael, 1939; Barnhard, Pierce, Joyce, and Bates, 1960) . Wade and Gilson (1951) and Wade (1954) have made a detailed comparison between the movements of the diaphragm and the subdivisions of vital capacity. Here we give simple measurements of the radiographic appearance and, where these were not feasible, descriptions which were as far as possible objective (see Appendix), and we have correlated these with observed functional defects. We hope this may help the physician and the radiologist to estimate the effects on function of radiographic abnormalities.
Uncomplicated chronic bronchitis does not present any distinctive radiological features, but since it may cause severe chronic irreversible airways obstruction (Medical Research Council, 1965) , we have noted those of our patients with radiological evidence of emphysema who also had clinical evidence of chronic bronchitis.
We have avoided defining emphysema in functional terms; our findings apply only to patients whose radiographic appearances indicate the presence of panacinar emphysema grade 3 or 4 (Reid and Millard, 1964) .
SELECTION OF PATIENTS
The forty-nine patients (4 female and 45 male) selected had radiological evidence of local or widespread emphysema, whether or not they had shortness of breath on exertion. Patients whose only evidence of emphysema was a single well-demarcated avascular area on the chest radiograph were excluded.
A further seven patients were studied who had none of the radiological signs of emphysema. In particular, the position and shape of the diaphragm and the vascular pattern of the lungs were normal. Each had a long history of productive cough and had severe airways obstruction (F.E.V.1 15 litres or less). We considered that they suffered from severe chronic obstructive bronchitis (Medical Research Council, 1965) in the absence of gross panacinar emphysema and we wished to study the possible effects of chronic bronchitis on regional lung function.
METHODS OF STUDY
CLINICAL The clinical history of each patient and the assessment of his symptoms was noted using the pro forma recommended by the Questionnaire on Tespiratory symptoms of the Medical Research Council (1960) . The height and weight of each patient were recorded together with the findings on clinical examination. The diagnosis of chronic bronchitis was made when a history was given of daily cough with sputum which lasted for three months in at least two consecutive years. RADIOLOGICAL A pair of postero-anterior inspirationexpiration films were taken with the cassette in a fixed position so that the bottom of the film was the same distance from the floor in both radiographs. This procedure was carried out by a specially trained radiographer, who instructed the patient to take a deep breath in and hold it while the first radiograph was taken; the patient then exhaled fully and sustained full expiration until the second radiograph was taken. A lateral view and bilateral multisection tomograms were also taken, the latter to define large areas with vessel loss.
All the radiographs were examined without knowledge of the clinical, physiological, or surgical findings. Certain observations and measurements were recorded on a pro forma. Details of the methods of making these observations and measurements together with normal values where appropriate are given in the Appendix. The main points noted were the following:
1. The diaphragm; whether normal, low or flat: the range of movement of the top of each dome 2. The heart size; whether normal, large or narrow vertical 3. The main pulmonary trunk; whether normal or dilated 4. The hilar vessels; whether normal or large 5. The intrapulmonary vessels in each lung zone; whether normal, large or small and whether there appeared to be an actual loss of vessels 6. Crowding together of vessels, or displacement of an interlobar fissure away from a transradiant avascular area indicating compression of lung by a bulla: demarcation of a bulla by a line shadow was not especially noted 7. The size of the retrosternal space estimated from the lateral view.
Using the evidence collected in this way we divided our patients into three groups. Emphysema was said to be 'generalized' when the first two or all three of Simon's signs (Table in Appendix) were present. The presence of bullae was not essential for this diagnosis. 'Localized' emphysema was diagnosed when only the vascular features were present in the radiograph: it was said to be 'extensive' when at most the whole of one lobe of the lung was unaffected by the vascular changes; lesser degrees of severity were referred to simply as 'localized'. PHYSIOLOGICAL Vital capacity (V.C.) and F.E.V.1 were recorded using a fast recording spirometer with a light bell (Bernstein, D'Silva, and Mendel, 1952) ; the results are given at ambient temperature and pressure.
Residual volume, functional residual capacity, and total lung capacity, (R.V., F.R.C., and T.L.C.) were measured by the closed-circuit helium dilution method (McMichael, 1939) . The rebreathing was continued until equilibration was reached or up to 25 minutes.
The gas transter factor (TL) was measured at rest and during exercise by the steady state technique using carbon monoxide as the tracer gas and end tidal sampling for the estimation of 'alveolar' CO concentration (Bates, Boucot, and Dormer, 1955) . The predicted normal values of Bates and Christie (1964) for lung volumes and transfer factor according to age, sex, and height were used.
Arterial blood was sampled at rest. The pH and partial pressures of oxygen and carbon dioxide (Pao2 and Paco2) were estimated at 38' C. using suitable electrodes (Foskett, 1968) .
Predicted Paco2 values were calculated according to the equation 11 + 30 7 mm. Hg (Burrows, Strauss, and Niden, 1965) . Regional ventilation and perfusion of the lungs were assessed using xenon-133 with a system of fixed scintillation counters sited externally over the upper, middle, and lower zones of the upright chest wall on either side both anteriorly and posteriorly. The apparatus and procedure have been fully described elsewhere (Mannell, Prime, and Smith, 1966) .
Briefly, the share of the counts summated anteriorly and posteriorly in each lung region is recorded after an intravenous injection of xenon-133 in saline during breathholding and reflects the regional perfusion (Q index). During a subsequent rebreathing procedure with xenon-133 in air from a closed circuit, the evenness of gas mixing within each region is calculated from the wash-in curve using the dynamic distribution index (D.D.I.) described by Bentivoglio, Beerel, Stewart, Bryan, Ball, and Bates (1963) .
The D.D.I. in each region is not dependent on even mixing in other regions in an individual patient, and the values in different patients can be compared. The Q index in each region is the ratio of the share of the total counts 'seen' in a particular region of the lung to its volume and is therefore influenced by the perfusion of other regions.
Normal values for the Q index were reported by Mannell et al. (1966) based on their own findings and those of Ball, Stewart, Newsham, and Bates (1962) . Normal values for D.D.I. given by Bentivoglio et al. (1963) have been used in this study for purposes of comparison.
RESULTS

SYMPTOMS AND RADIOLOGICAL APPEARANCE
The grades of breathlessness and the presence or absence of chronic bronchitis as judged from the answers given to the Medical Research Council questionnaire are shown in Table I . These are grouped according to the extent of the emphysema depicted radiologically. It can be seen that all the 22 patients with generalized emphysema were severely disabled by breathlessness on exertion. Nine of the 13 whose emphysema was extensive but localized were similarly severely breathless (grades 4 and 5) and nine of the 14 with less extensive localized disease. Although the proportion of bronchitis in the generalized and other To elucidate still further the effect of bronchitis on these emphysematous patients and to describe any differences in PaCo2 which were not dependent solely on airways obstruction the deviations from the predicted PaCo2 values using the F.E.V.i were calculated in the groups of emphysematous patients, further divided into those with and without bronchitis. The results are shown in Table III. The percentage of those who had a T.L.C. within the normal range was 37-5% when the diaphragm was flat and low, 87 5% when curved and at the normal level, 75% when flat and at the normal level, and 37% when curved and low. In other words, the volume of air in the chest at maximal inspiration was not always increased when the diaphragm was flat and low or when it was curved and low but it was so in the majority of patients. Most of the patients with the diaphragm at the normal level, whether flat or curved, had a total lung capacity within normal limits.
Dimensions of retrosternal translucency
The mean values for F.R.C. and T.L.C. as a percentage of the expected values and the ratio of the R.V. / T.L.C. were not significantly different in patients who had a retrosternal space less than 3 cm. deep from those in whom it was more than 3 cm.
Diaphragm movement Thirty-two out of the 36 patients whose diaphragm moved poorly (i.e., right plus left less than 6 cm.) had an F.E.V.a of less than 1 litre. There were also nine patients whose combined diaphragm movement was more than the average normal of 6 cm., but only two of these had an F.E.V.1 of more than 2 litres. The vital capacity was similarly affected: it was below 2 litres in all 36 patients with poor diaphragm movement and above 3 litres in the nine with good movement. All the patients with generalized emphysema had poor diaphragm movement.
Regional pulmonary vessel size, peripheral vascular shadows, regional blood-flow, and N -98 regional ventilation Two sets of Venn diagrams n =85 (School Mathematics Project, 1965) It is evident from Fig. 1 that when there are small lung vessels and evidence of peripheral vascular loss in a zone, the D.D.I. is low (showing the presence of poor intrapulmonary mixing) in 75%, 79%, and 96% of instances in the upper, middle, and lower regions respectively (average 83%). The Q index is below the normal limits in these regions in 4%, 2%, and 80% of instances (Fig. 2) . The relationship between regional ventilation, regional blood flow, and regional vascular abnormalities was not modified by the presence of bronchitis in the emphysematous patients. Figure 3 The seven patients with chronic obstructive bronchitis, who by definition had normal lung vessels and no vascular loss radiologically, had poor intrapulmonary mixing in 25%, 75%, and 81 % of the upper, middle, and lower zones (see Fig. 3 ). These figures suggest that, in the emphysematous groups, the high incidence of poor ventilation in the middle and lower regions even with a normal vascular pattern was due to chronic bronchitis.
The Q indices were also found to be reduced in bronchitic patients in the lower zones in 69% of instances when the vessels were radiologically normal, but this reduction in blood flow associated with bronchitis is less striking in the empyhsematous patients than is the impairment of ventilation.
Relationship between regional and total lung function In order to compare the regional distribution of impaired function with total function a coding was used as explained in the legend of Table V. between these coded groups even when the percentage predicted values are considered.
DISCUSSION
Our patients were divided into two broad categories from the radiographs: (a) generalized widespread emphysema with evidence of 'excess air in the lungs' and cardiovascular changes, and (b) localized emphysema. In the latter the cardiovascular changes may be confined to three radiographic zones or less, or may be more extensive but still localized in that a whole radiographic zone of lung appears to have normal vessels. In many of the examples with localized disease, especially when the lesions were confined to the upper half of the lungs, there was also radiological evidence of 'excess air in the thorax' (see Appendix) . From the physiological point of view, these two broad categories correspond well with the functional disturbance we have observed. When, however, small groups of patients are considered some salient points emerge. In every case of 'generalized' emphysema there was severe airways obstruction with consequent distortion of the normal pattern of distribution of the subdivisions of lung volume, defective gas transfer, and severe physical disability. Not all patients with the radiological appearances of 'localized' or 'extensive localized' emphysema had evidence of airways obstruction, nor were they all disabled by breathlessness. Five patients had little or no disability but had two, three or four lung zones with small mid-lung vessels and peripheral vascular loss: none of these had unilateral transradiancy or demarcated bullae as the sole change. They all had radiographic changes involving the upper and middle zones. There was no difference between the appearances in these patients and others with similar radiographs but severe disability.
It appears to be useful to distinguish radiologically between the 'generalized' and 'localized' forms of emphysema. Generally speaking, the physician is interested in the cause of his patient's symptoms. Since lung function may be little disturbed when there are vascular changes in four zones of the lung, but no other signs of emphysema, severe functional changes in such patients cannot be due to emphysema alone, and are probably due to chronic bronchitis or some other cause of airways obstruction. Burrows et al. (1966) showed that the deviation of the measured from the predicted Paco2 in relation to the level of the F.E.V.1 was the best single test of the presence of anatomical emphysema. They found that the extent of the emphysema pathologically correlated well with the relative hypocapnia. It is therefore interesting to note that the patients we studied had on the average a relative hypocapnia, and in those with generalized or extensive localized emphysema this was marked. Their figures support the assumption made throughout this study that anatomical emphysema was indeed present in our patients. Also the radiological extent of the emphysema is proportional to the degree of relative hypocapnia. It is also interesting that the effect of bronchitis was not discernible except in the group of patients with generalized emphysema (see Table III ). Chronic bronchitis has been shown to cause a r-elative hypercapnia. This has been used by Burrows et al. (1966) in the points of selection of patients with type B airways obstruction. In the patients with generalized emphysema in this study there was more relative hypocapnia in those without bronchitis, as might be expected. Since even t;he patients with a productive cough in the generalized emphysema group had a relative hypocapnia, emphysema may well have been the main cause of their functional defect. A possible explanation for differences in disability in patients with localized emphysema is the degree of compression, if any, which may be produced by distension of the emphysematous parts of the lung. We have not been able to verify this hypothesis. Fifteen of our patients had evidence of this, seven with generalized and eight with localized emphysema, and all but three of them were severely disabled (breathlessness grade 5); in four, the lower lobes were compressed. In severity of symptoms they were no different from the rest of the patients with otherwise comparable radiographs. Nor was there any systematic difference in blood gas concentrations to suggest that compression was causing more shunting of blood through poorly ventilated lung than in other similar patients. It appears that we cannot predict the effect of compression in a particular case.
We have found that although the total lung capacity is related to the level of the diaphragm, it is unrelated to its shape or to the size of the retrosternal space. We conclude that the radiological appearance of 'excess air in the thorax' is a purely descriptive term with no necessary connexion with the size of total lung capacity.
The apparent movement of the diaphragm, as we observed it, bore no simple or close relationship to the F.E.V.1 or to the vital capacity. This is not surprising because even in normal persons the range of movement may be slight (Simon, 1969a) . Since, unlike Wade and Gilson (1951) , we made no volume measurements simultaneously with the radiographs, we were not able to compare subdivisions of vital capacity with diaphragm movement as they did.
For the radiological assessment of emphysema on a regional basis we are dependent mainly on the appearance and distribution of vascular shadows. Our findings show that there is a considerable degree of agreement between poor ventilation and deficiencies in the pulmonary vasculature, a point which will be discussed later. We have also shown that in a proportion of the cases where the vascular shadows are normal both R ventilation and blood-flow may be seriously deranged, especially in bronchitic patients. This point is illustrated in Fig. 3 , which shows how pronounced are the effects of chronic bronchitis on the function of the lower regions, and suggests that the main effect of bronchitis in the emphysematous patient depends upon the extent to which the lower regions are affected. If the emphysema is localized and involves only the upper and middle radiographic zones, then overall function may be quite good. However, in these patients if there is a history of chronic bronchitis, in 80% of cases there is poor function in the lower regions as well despite the normal appearance of the vessels: this poor function produces blood gas abnormalities and will accentuate the effects of the airways obstruction.
It has been shown that patients who have lower regions with normal intrapulmonary mixing have a significantly higher arterial oxygen tension than patients with other patterns of regional lung function (Table VI) . This is probably simply a reflection of the volume of functioning lung tissue capable of gas exchange. It is the number of alveoli with low V/Q ratios that will determine the degree of hypoxaemia of a patient with ventilation perfusion inequality and not necessarily the spatial distribution of these alveoli. However, as there are more and smaller alveoli with a larger surface area per unit volume in the lower regions than in the upper regions (Glazier, Hughes, Mahoney, Pain, and West, 1966) , the normality of intrapulmonary mixing in the lower regions is of greater importance to overall gas exchange.
In this study we have found that the measurement of the regional blood flow was not closely related to changes in vessel size as shown in the radiograph. It was unusual for the Q index to be abnormally low in the upper and middle regions. This is probably because the range of normal values is wide, and normally the blood flow in the upper regions of the upright lung can be very low. This, coupled with the fact that we are measuring a share of perfusion which is influenced by the perfusion of regions elsewhere in the lung, probably explains our findings. Bentivoglio et al. (1963) stated that in 26 of 32 patients with emphysema the perfusion indices agreed with the vessel changes but they did not specify the location of the regions w;here there was disagreement. In these data there is almost total disagreement (see Fig. 2 ) in the upper and middle zones between the Q indices and small lung vessels. In zones with normal vascular shadows the Q indices were also normal.
We must stress that neither with the regional lung function studies nor by comparing the ventilation with the appearances of small mid-lung vessels on a radiograph are we measuring ventilation perfusion relationships. Millions of alveoli are present in one region and the observed ventilation of that region may well serve a different population of alveoli from the perfusion observed in the same region. The regional ventilation and perfusion cannot therefore be compared with one another in a meaningful fashion. The perfusion of a region of lung with small mid-lung vessels is not low because the vessels are small, as the size of the vessels is not necessarily related to the amount of blood passing through them. The emphysematous lung is known to have uneven ventilation and a relatively fixed ventilation perfusion imbalance (Jones, 1966) . It is therefore under-perfused and under-ventilated and for these reasons there is remarkably little effect on the blood gases considering the amount of lung involved.
APPENDIX RADIOLOGICAL APPEARANCES
The reproducibility of the opinions expressed by different observers for the radiological diagnosis of emphysema using the criteria proposed by Simon (1964) (Simon, 1969b) .
Retrosternal translucent area The depth of this area was measured from the internal surface of the s;ternum to the ascending aorta. It was considered to be larger than normal if it was more than 3 cm. The position of the lower margin of the retrosternal space is normally 7 cm. or more above the horizontal level of the diaphragma.tic shadow seen on the lateral radiograph. This measurement is referred to as the 'downward extension' of the space. The values given for these measurements are based on a review of the cases of Reid and Millard (1964) and many others with pathological proof of grades 3 and 4 panacinar emphysema, all of whom were found to have a retrosternal translucent area more than 3 cm. deep and extending to within 5 cm. of the diaphragm. In many patients the measuring points cannot be accurately defined on the lateral view film so this observation may be of uncertain value. It is possible for a patient with localized emphysema, having a single large bulla in the upper lobe on one side, to have a large retrosternal space which may also be seen in normal persons.
CARDIOVASCULAR CHANGES
The heart size Heart shadows measuring less than 115 cm. in transverse diameter were classified as narrow. Few normal subjects have a heart as narrow as this whereas in widespread generalized emphysema the heart is usually narrow and vertical unless the patient is in heart failure or also has ischaemic heart disease. 
